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A b s t r a c t  

A g e n e r a l i z e d  l i f e  and r e l i a b i l i t y  model i s  
p resen ted  f o r  p a r a l l e l  s h a f t  geared prop- fan  and 
tu rboprop  a i r c r a f t  t r a n s m i s s i o n s .  The t ransmis -  
s i o n  l i f e  and r e l i a b i l i t y  model i s  a combina t ion  
o f  the  i n d i v i d u a l  r e l i a b i l i t y  models for a l l  t h e  
bear ings  and gears  i n  t h e  main l o a d  pa ths .  The 
b e a r i n g  and gear r e l i a b i l i t y  models a r e  based on 
c l a s s i c a l  f a t i g u e  t h e o r y  and t h e  two parameter 
We ibu l l  f a i l u r e  d i s t r i b u t i o n .  A computer program 
was deve loped t o  c a l c u l a t e  t h e  t r a n s m i s s i o n  l i f e  
and r e l i a b i l i t y .  The program i s  modu lar .  I n  i t s  
p r e s e n t  form, t h e  program can ana lyze  f i v e  d i f f e r -  
e n t  t r a n s m i s s i o n  arrangements.  However, t h e  p ro -  
gram can be m o d i f i e d  e a s i l y  t o  i n c l u d e  a d d i t i o n a l  
t r a n s m i s s i o n  arrangements.  An example i s  i n c l u d e d  
wh ich  compares t h e  l i f e  o f  a compound two-stage 
t r a n s m i s s i o n  w i t h  t h e  l i f e  o f  a s p l i t - t o r q u e ,  pa r -  
a l l e l  compound two-stage t r a n s m i s s i o n .  as c a l c u l a -  
t e d  by t h e  computer program. 

Nomenclature 

C component dynamic c a p a c i t y ,  N 

D component o r  t r a n s m i s s i o n  dynamic c a p a c i t y ,  
N-m 

F component l oad ,  N 

L 

R component or t r a n s m i s s i o n  r e l i a b i l i t y  

T t r a n s m i s s i o n  o u t p u t  t o rque ,  N-m 

S u b s c r i p t s :  

a f i r s t  component 

b second component 

c t h i r d  comDonent 

component o r  t r a n s m i s s i o n  l i f e ,  m i l l i o n  c y c l e  

i i t h  component 

n number o f  components 

t t r a n s m i s s i o n  

10 90 pe rcen t  r e l i a b i l i t y  

S u p e r s c r i p t s :  

e We ibu l l  s l ope  

p l o a d - l i f e  f a c t o r  

I n t r o d u c t i o n  

One i m p o r t a n t  measure o f  t h e  per fo rmance o f  
t u rboprop  t r a n s m i s s i o n s  i s  t h e  s e r v i c e  t ime  
between scheduled maintenance o v e r h a u l s .  I n  t h e  
des ign  o f  new p rop - fan  and t u r b o p r o p  a i r c r a f t  p ro -  
p u l s i o n  systems, s e r v i c e  l i f e  c a l c u l a t i o n s  a r e  
r e q u i r e d .  Too ls  t h a t  a s s i s t  t h e  t r a n s m i s s i o n  
des igne r  i n  comparing d i f f e r e n t  c o n f i g u r a t i o n s  on 
a common l i f e  and r e l i a b i l i t y  b a s i s  for  a g i v e n  
m i s s i o n  spec t rum l o a d i n g  b e f o r e  t h e  t r a n s m i s s i o n s  
a r e  c o n s t r u c t e d  a r e  q u i t e  v a l u a b l e .  By de te rm in -  
i n g  t r a n s m i s s i o n  system l i f e  as w e l l  as component 
l i v e s ,  weak l i n k s  i n  a d e s i g n  can be i d e n t i f i e d  
and s t reng thened .  T h i s  enab les  t h e  des igne r  t o  
b r i n g  f o r w a r d  t h e  b e s t  c o n f i g u r a t i o n  and c o n f i g u -  
r a t i o n  embodiment p o s s i b l e  t o  t h e  f i n a l  des ign  
s tage of a t r a n s m i s s i o n ' s  development f r o m  a l i f e  
and r e l i a b i l i t y  s t a n d p o i n t .  

Computer programs a r e  a v a i l a b l e  f o r  l i f e  
a n a l y s i s  o f  v a r i o u s  bear ings  and b e a r i n g  s h a f t  
arrangements based on t h e  c l a s s i c a l  f a t i g u e  t h e o r y  
o f  Lundberg and Pa lmgren. l .2  T h i s  t h e o r y  has a l s o  
been a p p l i e d  t o  t h e  a n a l y s i s  o f  f a t i g u e  l i f e  for 
spur  and h e l i c a l  gear ~ e t s . 3 - ~  
t h e  l i f e  and r e l i a b i l i t y  o f  h e l i c o p t e r  p l a n e t a r y  
and beve l  t ransmiss ions  have been developed as 
f u n c t i o n s  o f  t h e  l i v e s  and r e l i a b i l i t i e s  o f  t h e  
t r a n s m i s s i o n  component bea r ings  and gears.8-10 

I n  p r e v i o u s  papers ,  

The l i f e  models assume t h a t  t h e  t r a n s m i s s i o n  
i s  adequa te l y  l u b r i c a t e d  and t h a t  t h e  components 
a r e  w e l l  des igned.  Fo r  gea rs ,  t h i s  means t h a t  
s u f f i c i e n t  r i m  th i cknesses  and p r o p e r  m a t e r i a l s  
a r e  used t o  p r e v e n t  p remature  t o o t h  breakage f a i l -  
u res .  I t  i s  assumed a l s o  t h a t  t h e  t o o t h  form 
geometry and l u b r i c a n t  a r e  adequate t o  a v o i d  gear  
t i p  s c o r i n g .  Both  o f  these  modes o f  f a i l u r e  a r e  
p r e v e n t a b l e  w i t h  adequate d e s i g n . l l  
models assume s teady  power o p e r a t i o n  w i t h  min ima l  
s t a r t - u p  or d e c e l e r a t i o n  shock l o a d i n g .  The gas 
t u r b i n e  power source  o f  t h e  t u r b o p r o p  eng ine  p ro -  
v i d e s  t h i s  t ype  o f  power i n p u t .  

Surface p i t t i n g  i n  t h e  f u l l  l o a d  r e g i o n  o f  
t h e  gear t o o t h  faces and i n  t h e  b e a r i n g  races  i s  
n o t  p r e v e n t a b l e ,  however, due t o  t h e  l a c k  o f  a 
s u r f a c e  endurance 1 i m i  t f o r  h i g h  s t r e n g t h  s t e e l s .  1-7 
Both  e lements  w i l l  f a i l  e v e n t u a l l y  i n  s u r f a c e  p i t -  
t i n g  r e g a r d l e s s  o f  t h e  l oads .  A l s o ,  i f  s i m i l a r  
components o p e r a t e  a t  t h e  same c o n d i t i o n s ,  t h e y  
w i l l  e x h i b i t  a s c a t t e r  i n  s u r f a c e  p i t t i n g  f a t i g u e  
l i f e .  Thus, s t a t i s t i c a l  methods, such as t h e  two 
parameter We ibu l l  d i s t r i b u t i o n  a r e  commonly used 
i n  p r e d i c t i n g  f a t i g u e  l i f e .  

The l i f e  
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I n  the  p resen t  work, a computer program p r e  
d i c t i n g  l i f e  and r e l i a b i l i t y  f o r  p a r a l l e l  s h a f t  
gear t ransmiss ions  o f  v a r i o u s  c o n f i g u r a t i o n s  i s  
p resen ted .  The t ransmiss ion  system l i f e  and r e 1  
a b i l i t y  model i s  a comb ina t ion  o f  t he  component 
r e l i a b i l i t y  models.  The components i n c l u d e d  i n  
t h e  system model a re  the  bear ings  and gears  i n  
the  main l oad  p a t h s .  The component l i f e  and r e 1  
a b i l i t y  models a r e  based on the  two parameter 
We ibu l l  d i s t r i b u t i o n .  The component l i f e  models 
a re  the  same as was done i n  p rev ious  l i f e  model- 
i n g  o f  he1 i c o p t e r  t ransmiss ions .8-1°  
c o n t r i b u t i o n  o f  t he  p r e s e n t  work i s  t he  a d d i t i o n  
o f  p a r a l l e l  s h a f t  t r a n s m i s s i o n  c o n f i g u r a t i o n s  and 
the  modular s t r u c t u r e  o f  t h e  computer program. 

The ma jo r  

The computer model was w r i t t e n  as a modular 
program so t h a t  many d i f f e r e n t  t r a n s m i s s i o n  con- 
f i g u r a t i o n s  c o u l d  be t r e a t e d  w i t h  the  same system 
a n a l y s i s  r o u t i n e .  I n  t h e  p resen t  s t a t e  of  d e v e l -  
opment, the  program can t r e a t  a v a r i e t y  o f  p a r a l -  
l e l  s h a f t  t r a n s m i s s i o n  c o n f i g u r a t i o n s .  These 
i n c l u d e :  ( 1 )  s i n g l e  pass gear t r a n s m i s s i o n s ,  ( 2 )  
compound gear t ransmiss ions ,  ( 3 )  p a r a l l e l  com- 
pound gear t r a n s m i s s i o n s ,  ( 4 )  s t a r  gear t ransmis -  
s ions ,  and ( 5 )  p l a n e t a r y  gear t r a n s m i s s i o n s .  

These c o n f i g u r a t i o n s  were chosen t o  model t h e  
v a r i e t y  o f  t u rboprop  t ransmiss ions  i n  use today .  
Due t o  the  modular form o f  t h e  program, a d d i t i o n a l  
t r a n s m i s s i o n  c o n f i g u r a t i o n s  can be added e a s i l y  t o  
model t r a n s m i s s i o n  concepts n o t  i n c l u d e d  i n  t h e  
o r i g i n a l  f i v e  b a s i c  c o n f i g u r a t i o n s .  

The program a l s o  i n c o r p o r a t e s  a modular 
approach t o  the  d e t e r m i n a t i o n  o f  t h e  t r a n s m i s s i o n  
system l i f e  and dynamic c a p a c i t y .  I n  t h e  program, 
a common b l o c k  p r o p e r t y  a r r a y  i s  used t o  s t o r e  
t r a n s m i s s i o n  component i n f o r m a t i o n .  The program 
then uses c o n f i g u r a t i o n  independent s u b r o u t i n e s  
t o  p e r f o r m  the  system l i f e  and dynamic c a p a c i t y  
ana lyses  w i t h  t h e  d a t a  i n  t h e  common b l o c k .  Con- 
f i g u r a t i o n  s p e c i f i c  s u b r o u t i n e s  a r e  used t o  p re -  
pare  the  common b l o c k  p r o p e r t y  a r r a y  for  a n a l y s i s  
and t o  d i s p l a y  t h e  r e s u l t s  o f  t h e  a n a l y s i s .  W i th  
t h i s  s t r u c t u r e ,  t he  program can be e a s i l y  expanded 
t o  i n c l u d e  a d d i t i o n a l  t r a n s m i s s i o n  c o n f i g u r a t i o n s .  

System L i f e  A n a l y s i s  

The l i f e  and r e l i a b i l i t y  model o f  t h i s  ana ly -  
s i s  i s  P a l m g r e n ' s , l 2  o r i g i n a l l y  developed fo r  
r o l l i n g  element b e a r i n g s :  

L1o = (:)) ( 1 )  

where L10 i s  t h e  l i f e  o f  t h e  component for  a 
90 pe rcen t  p r o b a b i l i t y  o f  s u r v i v a l ,  F i s  t h e  
e q u i v a l e n t  a p p l i e d  l o a d ,  C i s  t h e  b a s i c  dynamic 
c a p a c i t y  o f  t he  component and p i s  t h e  l o a d - l i f e  
f a c t o r .  The b a s i c  dynamic c a p a c i t y  i s  t h e  equ iva -  
l e n t  l oad  a t  wh ich  90 p e r c e n t  o f  t h e  components 
w i l l  s u r v i v e  one m i l l i o n  l o a d  c y c l e s .  Th is  equa- 
t i o n  desc r ibes  a l o a d - l i f e  r e l a t i o n s h i p  fo r  wh ich  
t h e r e  i s  no endurance l i m i t .  

t i o n  o f  l o a d  i s  n o r m a l l y  combined w i t h  the  two 
parameter We ibu l l  d i s t r i b u t i o n  f o r  p r o b a b i l i t y  of  
s u r v i v a l ,  R ,  as a f u n c t i o n  o f  l i f e ,  L, a t  a g i v e n  
load .  I n  t e r m s  o f  t h e  90 p e r c e n t  p r o b a b i l i t y  of  

The model f o r  t h e  component l i f e  as a f u n c -  

s u r v i v a l  l i f e ,  L10, and t h e  We ibu l l  s l ope ,  e ,  t h e  
two parameter We ibu l l  d i s t r i b u t i o n  can be 
expressed as :  

Log (y) = Log (g) (q ( 2 )  
L l o  

The We ibu l l  s l ope  c h a r a c t e r i z e s  t h e  shape o r  skew- 
ness o f  the  d i s t r i b u t i o n .  For bea r ings ,  and t o  a 
l e s s e r  e x t e n t  f o r  gea rs ,  t h e  l i f e  d i s t r i b u t i o n  i s  
skewed h i g h ,  w i t h  a l a r g e r  pe rcen t  o f  f a i l u r e s  
o c c u r r i n g  b e f o r e  t h e  mean l i f e  than a f t e r  i t .  

s i o n  was chosen by comparing t h e  t r a n s m i s s i o n  
wh ich  i s  composed of l o a d  c a r r y i n g  gears  and bear-  
i ngs  t o  a c h a i n  o f  l i n k s .  J u s t  as a c h a i n  f a i l s  
when any s i n g l e  l i n k  b reaks ,  t h e  t r a n s m i s s i o n  i s  
cons ide red  t o  be f a i l e d  when i t s  f i rst component 
has f a i l e d .  Th is  assumption y i e l d s  c o n s e r v a t i v e  
es t ima tes  o f  system f a i l u r e  events  and i s  termed 
the  " s t r i c t  s e r i e s  p r o b a b i l i t y  model."  I n  t h i s  
model,  t he  p r o b a b i l i t y  of s u r v i v a l  o f  t h e  system 
i s  equal  t o  the  p r o d u c t  o f  t h e  p r o b a b i l i t i e s  o f  
s u r v i v a l  o f  a l l  t he  components. 

The model f o r  t he  system l i f e  o f  a t ransmis-  

n 

i =a 

R t  = Ra ' Rb * R c  . . .  * R n = II Ri (3) 

The s t r i c t  s e r i e s  p r o b a b i l i t y  model i s  j u s t i -  
f i e d  on the  b a s i s  of t h e  h i g h  speed o f  t r a n s m i s s i o n  
components and t h e  sp ray  e f f e c t  o f  l oose  d e b r i s .  
I f  any component f a i l s ,  d e b r i s  may be p r e s e n t  i n  
t h e  t r a n s m i s s i o n  wh ich  c o u l d  a c c e l e r a t e  t h e  f a t i g u e  
damage i n  o t h e r  components. So, i f  any s i n g l e  
e lement  i n  t h e  t r a n s m i s s i o n  has f a i l e d ,  t h e  t r a n s -  

ransmi s -  
i t y .  

m i s s i o n  must be ove rhau led  t o  r e t u r n  t h e  
s i o n  t o  i t s  i n i t i a l  s t a t e  o f  h i g h  r e l i a b i  

The l o g  o f  t h e  r e c i p r o c a l  o f  E q .  (3) 

\ I ,  i=l 

S u b s t i t u t i o n  o f  E q .  ( 2 )  i n t o  Eq .  ( 4 )  
component y i e l d s :  

ei n 

Log (e) = Log (3) c (&) 
i 10 

i = 1  

S :  

(4 )  

for  each 

I n  t h i s  equa t ion ,  L t  i s  t h e  l i f e  o f  t h e  e n t i r e  
t r a n s m i s s i o n  f o r  t h e  system r e l i a b i l i t y ,  R t .  I t  
i s  a l s o  t h e  l i f e  o f  each component i n  t h e  t r a n s -  
m i s s i o n  a t  t h e  same system r e l i a b i l i t y ,  R t .  To 
make t h i s  e q u a t i o n  v a l i d ,  a l l  t h e  component l i v e s  
must be expressed i n  t h e  same t i m e  base, such as 
m i l l i o n  o f  t r a n s m i s s i o n  o u t p u t  s h a f t  r o t a t i o n s .  

Th is  r e l a t i o n  i s  n o t  a s imp le  two parameter 
We ibu l l  r e l a t i o n s h i p  between system l i f e  and sys- 
tem r e l i a b i l i t y .  The e q u a t i o n  would be a t r u e  
two-parameter We ibu l l  d i s t r i b u t i o n  o n l y  i n  t h e  
case f o r  which a l l  t h e  We ibu l l  exponents,  e t ,  were 
equa l .  For t h e  genera l  case i n  wh ich  t h i s  i s  n o t  
t r u e ,  t h e  equa t ion  can be s o l v e d  n u m e r i c a l l y  for  
t r a n s m i s s i o n  r e l i a b i l i t y ,  R t ,  as a f u n c t i o n  o f  
t r a n s m i s s i o n  l i f e ,  L t ,  and p l o t t e d  on We ibu l l  
c o o r d i n a t e s .  

2 



This  p l o t  o f  pe rcen t  p robab i  1 i t y  o f  f a i l u r e  
versus  t r a n s m i s s i o n  l i f e  can be approx imated by a 
s t r a i g h t  l i n e  q u i t e  e a s i l y .  A s  an example i n  t h i s  
work,  t he  s t r a i g h t  l i n e  approx ima t ion  i s  o b t a i n e d  
w i t h  a l i n e a r  r e g r e s s i o n  i n  We ibu l l  c o o r d i n a t e s  
o v e r  the  range 0.5 R t  0.95. The s lope  o f  t h i s  
s t r a i g h t  l i n e  approx ima t ion  i s  taken as t h e  t r a n s -  
m i s s i o n  We ibu l l  s l ope ,  e t .  and the  l i f e  a t  which 
t h e  t r a n s m i s s i o n  r e l i a b i l i t y ,  R t .  equa ls  90 pe rcen t  
f o r  t he  s t r a i g h t  l i n e  r e l a t i o n s h i p  i s  t aken  as t h e  
t r a n s m i s s i o n  90 pe rcen t  r e l i a b i l i t y  l i f e ,  L t l O .  
The equa t ion  for t h i s  f i t t e d  We ibu l l  r e l a t i o n  i s :  

e, 
T; 

Log (y) = Log (3) (&) (6) 
Lt10 

S y s t e m  Dynamic C a p a c i t y  

The a n a l y s i s  f o r  t h e  t r a n s m i s s i o n  dynamic 
c a p a c i t y  proceeds i n  a s i m i l a r  manner. The b a s i c  
dynamic c a p a c i t y  f o r  t he  system, D t ,  i s  t h e  t r a n s -  
m i s s i o n  o u t p u t  t o rque  which w i l l  r e s u l t  i n  a 
90 pe rcen t  r e l i a b i l i t y  t r a n s m i s s i o n  l i f e  o f  one 
m i l l i o n  o u t p u t  sha f t  r o t a t i o n s .  For  these  cond i -  
t i o n s ,  E q .  (5) becomes: 

n 

1.0 = (&Ii (7) 
i - 1  

where the  components l i v e s  a r  expressed i n  terms 
o f  m i l l i o n  o f  t r a n s m i s s i o n  o u t p u t  s h a f t  r o t a t i o n s .  
By r e p l a c i n g  t h e  a c t u a l  and b a s i c  dynamic compo- 
nen t  loads  w i t h  t h e  co r respond ing  t r a n s m i s s i o n  
o u t p u t  t o rques ,  Eq. ( 1 )  can be expressed as :  

+ I O  = (Di)Pi i- (8) 

where D i  i s  t h e  component dynamic c a p a c i t y  i n  
u n i t s  of  o u t p u t  t o rque ,  Lila i s  t h e  component 
90 pe rcen t  r e l i a b i l i t y  l i f e  and T i s  t h e  t rans -  
m i s s i o n  o u t p u t  t o rque  wh ich  produces t h a t  component 
l i f e .  For a 90 pe rcen t  r e l i a b i l i t y  t r a n s m i s s i o n  
l i f e  o f  one m i l l i o n  o u t p u t  r o t a t i o n s ,  T becomes 
t h e  t r a n s m i s s i o n  dynamic c a p a c i t y ,  D t .  S u b s t i t u t -  
i n g  Eq. ( a ) ,  w l t h  T = D t  i n t o  Eq. (7) fo r  each 
component, g i v e s :  

- e,D, 

1 .0  = 2 (?) " ' 
i = l  

(9) 

where D t  i s  t h e  b a s i c  dynamic c a p a c i t y  o f  t h e  
t r a n s m i s s i o n  i n  u n i t s  of o u t p u t  t o rque .  T h i s  
e q u a t i o n  can be so l ved  for D t  by  i t e r a t i o n .  

A s e r i e s  o f  90 pe rcen t  r e l i a b i l i t y  l i v e s  for  
t h e  t r a n s m i s s i o n  can be de termined w i t h  Eq. (6) 
for a s e r i e s  o f  a p p l i e d  t r a n s m i s s i o n  l oads .  A 
l o g - l o g  p l o t  of  o u t p u t  t r a n s m i s s i o n  t o r q u e  versus  
t r a n s m i s s i o n  90 pe rcen t  r e l i a b i l i t y  l i f e  can then  
be o b t a i n e d  ove r  a range o f  o u t p u t  t o rques  wh ich  
v a r i e s  from 10 t o  100 p e r c e n t  o f  t h e  dynamic 
c a p a c i t y  as found from Eq. (9). The s lope  o f  a 
l e a s t  squares f i t  t o  t h i s  d a t a  i s  t h e  n e g a t i v e  o f  
t h e  r e c i p r o c a l  o f  t h e  l o a d - l i f e  exponent,  p t ,  f o r  
t h e  t r a n s m i s s i o n .  
i s  t aken  as t h e  o u t p u t  t o rque  on t h e  r e g r e s s i o n  
l i n e  which cor responds to a 90 p e r c e n t  r e l i a b i l i t y  
l i f e  o f  one m i l l i o n  o u t p u t  s h a f t  r o t a t i o n s .  

The t r a n s m i s s i o n  dynamic c a p a c i t y  

Computer L i f e  A n a l y s i s  Proqram 

The s t r u c t u r e  o f  t h e  computer program wh ich  
per fo rms these ana lyses  i s  desc r ibed  i n  t h e  b l o c k  
diagram o f  F i g .  I .  I n  t h i s  program, a common 
b l o c k  a r r a y  f o r  p r o p e r t i e s  i s  used t o  separa te  t h e  
component and t r a n s m i s s i o n  p r o p e r t y  va lues  f r o m  
t h e  a n a l y s i s  s u b r o u t i n e s .  Th is  a r r a y  i s  two- 
dimensonal - i t s  rows cor respond to  s p e c i f i c  com- 
ponents w i t h  t h e  f i rst row c o n t a i n i n g  the  va lues  
for  the  e n t i r e  t r a n s m i s s i o n ,  and i t s  column con- 
t a i n i n g  va lues  f o r  s p e c i f i c  p r o p e r t i e s .  S ince  the  
sub rou t ines  wh ich  de termine t h e  t r a n s m i s s i o n  l i f e  
and dynamic c a p a c i t y  i n t e r f a c e  s o l e l y  w i t h  t h i s  
p r o p e r t y  a r r a y ,  t hey  a r e  thus separa ted  f rom any 
s p e c i f i c  t r a n s m i s s i o n  c o n f i g u r a t i o n .  The system 
a n a l y s i s  sub rou t ines  work i n  an i d e n t i c a l  manner 
f o r  a l l  t r a n s m i s s i o n  c o n f i g u r a t i o n s  cons idered.  
Thus, o t h e r  c o n f i g u r a t i o n s  can be added t o  t h e  
program by add ing  component p r o p e r t y  de termina-  
t i o n  sub rou t ines  o n l y .  

A s  i n d i c a t e d  i n  the  f i g u r e ,  t h e  program con- 
s i s t s  o f  a ma in  program, a s e r i e s  o f  c o n f i g u r a -  
t i o n  s p e c i f i c  sub rou t ines ,  some g e n e r i c  component 
p r o p e r t y  a n a l y s i s  sub rou t ines ,  t h e  system a n a l y s i s  
sub rou t ines  and t h e  common b l o c k .  
gram s e l e c t s  t h e  r o u t i n e s  t o  be used i n  t h e  ana ly -  
s i s  and sequences t h e i r  o p e r a t i o n .  The s e r i e s  o f  
c o n f i g u r a t i o n  s p e c i f i c  sub rou t ines  i n p u t  t h e  con- 
f i g u r a t i o n  da ta ,  p e r f o r m  component f o r c e  and l i f e  
ana lyses  w i t h  t h e  h e l p  o f  t h e  g e n e r i c  component 
p r o p e r t y  a n a l y s i s  sub rou t ines ,  fill t h e  p r o p e r t y  
a r r a y ,  c a l l  up t h e  system a n a l y s i s  r o u t i n e s ,  and 
f i n a l l y  p r i n t  o u t  t h e  a n a l y s i s  r e s u l t s  for  t h e  
system and t h e  components. 

The main p ro -  

Transmiss ion  C o n f i g u r a t i o n s  

t h i s  program a r e :  ( 1 )  s i n g l e  pass gear t ransmis -  
s ions ,  ( 2 )  compound gear t ransmiss ions ,  ( 3 )  p a r a l -  
l e l  compound gear  t ransmiss ions ,  ( 4 )  s t a r  gear 
t ransmiss ions ,  and ( 5 )  p l a n e t a r y  gear  
t r a n s m i s s i o n s .  

The p a r a l l e l  a x i s  t ransmiss ions  t r e a t e d  by  

The s i n g l e  mesh gear  t r a n s m i s s i o n  i l l u s t r a t e d  
i n  F i g .  2 i s  composed o f  two gears  and two s h a f t s .  
The gears a r e  i n  mesh, and b o t h  t h e  i n p u t  and o u t -  
p u t  s h a f t s  a r e  suppor ted  by  two bear ings  each. 
The t r a n s m i s s i o n  1 i f e  and dynamic c a p a c i t y  ana ly -  
s e s  a r e  based on the  l i v e s  and c a p a c i t i e s  o f  t h e  
two gears and t h e  f o u r  bea r ings .  

The compound gear t r a n s m i s s i o n  i l l u s t r a t e d  i n  
F i g .  3 has two or more meshes and t h r e e  or more 
gear s h a f t s  a r ranged  i n  a s i n g l e  power p a t h  con- 
f i g u r a t i o n .  These t ransmiss ions  c o n t a i n  a minimum 
of s i x  bea r ings  and fou r  gears .  For  each add i -  
t i o n a l  mesh, two more gears  and two more b e a r i n g s  
a r e  added. A s  w i t h  a l l  t h e  cases, t h e  c i t e d  bear-  
i n g s  and gears  a r e  t h e  t r a n s m i s s i o n  components 
which i n f l u e n c e  t h e  t r a n s m i s s i o n  l i f e  and c a p a c i t y  

The para1 l e 1  compound gear t r a n s m i s s i o n  shown 
i n  f i g .  4 has s i n g l e  i n p u t  and o u t p u t  gears  w i t h  
s p l i t  pa th  power t r a n s f e r  t h rough  m u l t i p l e  i n t e r -  
med ia te  gear s h a f t s .  These i n t e r m e d i a t e  gears  
s h a f t s  need n o t  be p laced  s y m m e t r i c a l l y  around t h e  
i n p u t  and o u t p u t  gears .  Th is  t y p e  o f  t r a n s m i s s i o n  
i n c l u d e s  an i n p u t  and an o u t p u t  gear  and m u l t i p l e  
i n t e r m e d i a t e  s h a f t s  w i t h  two gears. each wh ich  mesh 
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w i t h  t h e  i n p u t  and o u t p u t  gears .  The f o u r  bear-  
i n g s  on the  i n p u t  and o u t p u t  s h a f t s  and two add i -  
t i o n a l  bea r ings  f o r  each i n t e r m e d i a t e  s h a f t  a r e  
a l s o  i n c l u d e d  i n  the  t ransmiss ion .  

The s t a r  gear t ransmiss ion  shown i n  F i g .  5 
has c o n c e n t r i c  i n p u t  and o u t p u t  e x t e r n a l  gears ,  
w i t h  m u l t i p l e  i n t e r m e d i a t e  gear s h a f t s  p laced  sym- 
m e t r i c a l l y  around the  common i n p u t  and o u t p u t  
s h a f t  c e n t e r l i n e .  Th is  type  o f  t r a n s m i s s i o n  has 
an i n p u t  and an o u t p u t  gear and m u l t i p l e  in te rme-  
d i a t e  sha f t ;  w i t h  two gears each which mesh w i t h  
t h e  i n p u t  and o u t p u t  gears .  Due to  t h e  symmetry 
o f  gear l o a d i n g ,  the  loads on the  f o u r  bea r ings  
on t h e  i n p u t  and o u t p u t  s h a f t s  cance l  t o  ze ro  and 
thus  the  bear ings  a r e  n o t  i n c l u d e d  i n  t h e  l i f e  and 
dynamic c a p a c i t y  ana lyses  f o r  these t r a n s m i s s i o n s .  
However, the  l i v e s  and c a p a c i t i e s  o f  two bear ings  
f o r  each i n t e r m e d i a t e  s h a f t  a re  i n c l u d e d  i n  t h e  
t r a n s m i s s i o n  a n a l y s i s .  

The p l a n e t a r y  gear t r a n s m i s s i o n  i l l u s t r a t e d  
i n  F i g .  6 has a f i x e d  r i n g  gear ,  an i n p u t  sun gear  
and o u t p u t  power taken f r o m  t h e  p l a n e t  c a r r i e r .  
S i n g l e  bea r ings  a r e  p laced  i n  t h e  c e n t e r s  of  t h e  
p l a n e t  gea rs .  The l i f e  and c a p a c i t y  ana lyses  o f  
these t ransmiss ions  i n c l u d e  t h e  l i v e s  and capac i -  
t i e s  o f  a l l  t he  gears and p l a n e t  b e a r i n g s .  

ExamDles 

An i n - l i n e  doub le  mesh compound gear  t r a n s -  
m i s s i o n  i s  shown i n  F i g .  7 .  Th i s  t r a n s m i s s i o n  has 
an i n p u t  speed o f  14 000 rpm, an o u t p u t  speed o f  
2 000 rpm and a power r a t i n g  o f  300 kW. The f irst 
r e d u c t i o n  i s  7 :3  and the  second r e d u c t i o n  i s  3 : l .  
Table 1 i t e m i z e s  the  component loads ,  component 
dynamic c a p a c i t i e s  i n  terms o f  t r a n s m i s s i o n  o u t p u t  
t o r q u e ,  and 90 pe rcen t  r e l i a b i l i t y  l i v e s  o f  t h e  
components i n  m i l l i o n  o u t p u t  r o t a t i o n s .  The 
We ibu l l  s lopes  f o r  t h e  bear ings  were g i v e n  t o  be 
1 . Z 1 s 2  w h i l e  those f o r  t h e  gears were g i v e n  t o  be 
2.5.3-7 The l o a d - l i f e  exponents for t h e  bear ings  
were g i v e n  t o  be 3 . 0  f o r  t h e  b a l l  b e a r i n g s  and 
3 .33  f o r  t h e  r o l l e r  bear ings1  w h i l e  those for t h e  
gears  were g i v e n  to be 4.3.3-7 

By program a n a l y s i s ,  t h i s  t r a n s m i s s i o n  has a 
90 p e r c e n t  r e l i a b i l i t y  l i f e  o f  213 m i l l i o n  o u t p u t  
c y c l e s  o r  1779 h r ,  a dynamic c a p a c i t y  o f  5.80 kN-m, 
a We ibu l l  s l ope  o f  1.61 and a l o a d - l i f e  f a c t o r  o f  
3.75. 

For comparison purposes, change t h i s  t r a n s -  
mission to  a p a r a l l e l  compound gear t r a n s m i s s i o n  
w i t h  a second i n t e r m e d i a t e  s h a f t  i d e n t i c a l  t o  t h e  
f i r s t  and l o c a t e d  95" f r o m  t h e  f i r s t ,  as shown i n  
F i g .  8 .  Tab le  2 i t e m i z e s  t h e  loads ,  dynamic 
c a p a c i t i e s  and 90 pe rcen t  r e l i a b i l i t y  l i v e s  o f  
t h e  components i n  t h i s  c o n f i g u r a t i o n .  

By program a n a l y s i s ,  t h i s  t r a n s m i s s i o n  has a 
90 p e r c e n t  r e l i a b i l i t y  l i f e  o f  1026 m i l l i o n  o u t p u t  
c y c l e s  or 8550 h r ,  a dynamic c a p a c i t y  o f  10.18 kN-m, 
a We ibu l l  s l ope  o f  1.25 and a l o a d - l i f e  f a c t o r  of 
3.60. 

Add ing  t h e  second power p a t h  reduced gear and 
b e a r i n g  loads  and thus  i nc reased  t h e  t r a n s m i s s i o n  
l i f e  by  a lmos t  f o u r  t imes and inc reased  i t s  dynamic 
c a p a c i t y  by 7 5  p e r c e n t .  N a t u r a l l y ,  i t  inc reased  
the  t r a n s m i s s i o n  we igh t  as w e l l .  F i g u r e  9 i s  a 

We ibu l l  p r o b a b i l i t y  p l o t  o f  t h e  l i v e s  o f  t h e  com- 
pound gear  t r a n s m i s s i o n  and the  p a r a l l e l  compound 
gear t r a n s m i s s i o n .  Other  v a r i a t i o n s  o f  t h i s  
t r a n s m i s s i o n  c o u l d  e a s i l y  be eva lua ted  for  l i f e  
and capac i t y .  

Conc lud ing  Remarks 

A g e n e r a l i z e d  l i f e  and r e l i a b i l i t y  model f o r  
p a r a l l e l  sha f t  geared p rop - fan  and tu rboprop  a i r -  
c r a f t  t r a n s m i s s i o n s  was presented .  The t ransmis -  
s i o n  l i f e  and r e l i a b i l i t y  model i s  based on a 
comb ina t ion  o f  the  component r e l i a b i l i t y  and l i f e  
models.  The components i n c l u d e d  i n  the  system 
model a r e  t h e  bear ings  and gears i n  the  main l o a d  
p a t h s .  The component l i v e s  and r e l i a b i l i t i e s  a r e  
based on t h e  two parameter We ibu l l  f a i l u r e  d i s t r i -  
b u t i o n  l i f e - r e l i a b i l i t y  model and the  Palmgren 
c l a s s i c a l  f a t i g u e  l o a d - l i f e  model. The t h e o r y  o f  
t h e  r e l i a b i l i t y  and dynamic c a p a c i t y  models was 
p resen ted ,  i n c l u d i n g  t h e  approx imat ions  necessary  
t o  make t h e  system models take  on t he  same form 
as t h e  component models.  

A modu lar  program was desc r ibed  which i n c l u d e s  
f i v e  separa te  t r a n s m i s s i o n  c o n f i g u r a t i o n s .  The 
i n t e n t  o f  t h e  program i s  t o  enab le  t h e  des igne r  
to b r i n g  f o r w a r d  t h e  b e s t  c o n f i g u r a t i o n  and con- 
f i g u r a t i o n  embodiment p o s s i b l e  t o  t h e  f i n a l  
des ign  s tage  o f  a t r a n s m i s s i o n ' s  development from 
a l i f e  and r e l i a b i l i t y  s t a n d p o i n t .  

The components i n c l u d e d  i n  each c o n f i g u r a t i o n  
system model a r e  t h e  bear ings  and gears  i n  t h e  
main  l o a d  p a t h .  The program uses a two-dimensional  
p r o p e r t y  a r r a y  t o  separa te  t h e  system ana lyses  
from c o n f i g u r a t i o n  s p e c i f i c  f o r c e  and mo t ion  
ana lyses .  W i th  t h i s  s e p a r a t i o n ,  i t  i s  easy t o  
expand t h e  program t o  i n c l u d e  a d d i t i o n a l  t ransmis -  
s i o n  c o n f i g u r a t i o n s .  

F i n a l l y ,  examples a r e  i n c l u d e d  t o  compare 
two t r a n s m i s s i o n  c o n f i g u r a t i o n s  f r o m  a l i f e  and 
dynamic c a p a c i t y  s t a n d p o i n t .  The p a r a l l e l  com- 
pound t r a n s m i s s i o n  w i t h  a second load  p a t h  com- 
pa red  t o  a s imp le  compound t r a n s m i s s i o n  w i t h  
i d e n t i c a l  components had a l i f e  which was more 
than  f i v e  and o n e - h a l f  t imes  g r e a t e r  and a dynamic 
c a p a c i t y  wh ich  was 75 p e r c e n t  g r e a t e r  t han  t h a t  
o f  i t s  s i m p l e r  and l i g h t e r  c o u n t e r p a r t .  

1 .  

2.  

3 .  
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TABLE 1 .  - COMPOUND TRANSMISSION COMPONENT LOADS, 

C A P A C I T I E S ,  AND LIVES 

Component 

1 s t  i n p u t  
bea r  i ng 

2nd I n p u t  
bea r  i ng 

I n p u t  gea r  

1 s t  l n t e r -  
med la te  gea r  

1 s t  I n t e r r n e d l -  
a t e  b e a r l  ng  

2nd l n t e r m e d l -  
a t e  b e a r i n g  

2nd i n t e r -  
med la te  gea r  

O u t p u t  gear  

1 s t  o u t p u t  
b e a r i n g  

2nd o u t p u t  
b e a r l  ng 

System 

Load 
F, 
kN 

1.25 

4.15 

2.90 

2.90 

2.52  

6.10  

8 .13  

8.13 

11.61 

3.48 

----- 

Wei b u l l  
s 1 ope 

e 

1.2 

1.2 

2.5 

2 .5  

1 . 2  

1 . 2  

2.5 

2.5 

1.2 

1.2 

1.61 

Load-1 i f e  
f a c t o r  

P 

3 .0  

3.3 

4.3 

4.3 

3 . 3  

3.0  

4.3 

4.3 

3 .3  

3 .0  

3.75 

Capac i t y  
D, 

kN-m 

36.34 

11.25 

9.91 

11.15 

28.66  

11.80 

5.87 

6.84 

10.14 

34.75 

5.80 

L i f e  

m l l l i o n  
c y c l e s  

L10. 

16 317- 

898 

4 082 

6 787 

19 682 

559 

429 

a29 

638 

14 279 

213 
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TABLE 11. - PARALLEL TRANSMISSION COMPONENT LOADS, 

Component 

1 s t  i n p u t  
bear  i ng 

2nd i n p u t  
bear  i ng 

I n p u t  gear  

1 s t  i n t e r -  
med ia te  gear  

1 s t  i n t e r m e d i -  
a t e  b e a r i n g  

2nd i n t e r m e d i -  
a t e  b e a r i n g  

2nd i n t e r -  
med ia te  gear  

Ou tpu t  gear  

1 s t  o u t p u t  
bear  i ng 

2nd o u t p u t  
bear  i ng 

System 

CAPACITIES,  AND LIVES 

Load 
F, 
kN 

0.84 

2 .80  

1.45 

1.45 

.93 

3.05 

4.07 

4.07 

7.85 

2.35 

-_-- 

Wei b u l l  
s 1 ope 

e 

1.2 

1.2 

2.5 

2.5 

1.2 

1.2 

2.5 

2.5 

1.2 

1.2 

1.25 

Load-1 i f e  
f a c t o r  

P 

3.0  

3.3 

4.3 

4.3 

3.3 

3.0 

4.3 

4.3 

3.3 

3.0 

3.60 

Capac i t y  
0, 

kN-m 

53.78 

16.65 

19.81 

22.30 

78.13 

23.60 

11.73 

13.67 

15.01 

51.44 

10.18 

L i f e  
4 0 ,  

m i  1 1  i o n  
c y c l e s  

52 919 

3 275 

40 206 

133 694 

538 557 

4 472 

8 452 

8 170 

2 327 

46 304 

1 026 

6 
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